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We investigate the influence of the R-parity violating couplings λ, λ′ and λ′′ on the branching
ratio of b → sγ in leading logarithmic approximation. The operator basis is enlarged and the
corresponding γ-matrix calculated. The matching conditions receive new contributions from the
R-parity violating sector. The comparison with the experiment is rather difficult due to the model
dependence of the result.
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I. INTRODUCTION
The decay b → sγ, forbidden at tree-level in the Standard Model (SM), is an excellent candidate for explor-
ing the influence of new physics beyond the SM. However, the experimentally measured branching ratio Br(B →
Xsγ) = (3.15 ± 0.93) · 10−4 [1] is in perfect agreement with the SM prediction computed at the next-to-leading
order:Br(b→ sγ)SM = (3.28± 0.30) · 10−4 [2]. This leads to the conclusion that the influence of new physics on this
decay is either very limited or the new contributions cancel among each other to a large extent. The most serious and
attractive extention of the Standard Model is Supersymmetry (SUSY). It has a variety of very appealing features.
For instance it provides a natural solution to the hierarchy problem. SUSY doubles the particle spectrum of the SM
providing every fermion with a bosonic partner and vice versa. If SUSY were an exact symmetry of nature the new
particles would be of the same mass as their partners. This is definitely excluded from experiment. Therefore SUSY
must be broken. To retain the solution of the hierarchy problem one allows only a breaking which does not introduce
quadratic divergences in loop diagrams. Although this reduces the set of possible breaking terms substantially to the
so-called soft-breaking terms the number of free parameters of softly broken SUSY still exceeds one hundred. This
theory, i.e., SUSY with soft breaking terms and no others, emerges naturally as low energy limit of local supersymme-
try, Supergravity (SUGRA) by breaking it at some high scale ∼ 1011 GeV and taking the so-called flat limit [3]. The
connection to supergravity eliminates much of the freedom in choosing the parameters for the soft breaking terms,
enhancing the predictive power of the model.
Viewing naturalness as a first principle in model building one runs immediately into a problem: The Yukawa interac-
tions are fixed by the so-called Superpotential W , which is the most general third degree polynomial that can be built
of gauge invariant combinations of the (left-handed) superfields of the theory. In the case of the minimal extension of
the standard model with gauge group SU(3)× SU(2)× U(1) it shows the form
W = λuijQiH2U
c
j + λ
d
ijH1QiD
c
j + λ
e
ijH1LiE
c
j + µH1H2
+µ2iLiH2 +
1
2
λijkLiLjE
c
k + λ
′
ijkLiQjD
c
k +
1
2
λ′′ijkU
c
iD
c
jD
c
k, (1)
where Q, U c, Dc, L, Ec, H1 and H2 label the left-handed superfields that describe left- and right-handed (s)quarks
and (s)leptons and the Higgs-bosons (-fermions) respectively. The terms on the second line of (1) lead to unwanted
baryon- and lepton-number violating vertices. The product λ′ijk · λ′′ijk , for instance, is restricted to be smaller than
10−10 [4]. It is not obvious why the coefficients of these terms should not be of order unity if the corresponding
interaction is not protected by any symmetry. Hence one way to avoid these unwanted couplings is the invention of
a new discrete symmetry, called R-Parity [5]. The multiplicative quantum number R is then defined as
R = (−1)3B+L+2s, (2)
where s is the spin of the particle. The particles of the standard model are then R-parity even fields while their
supersymmetric partners are R-parity odd fields. The superfields adopt the value of R from their scalar components.
The terms on the second line of (1) are then forbidden by this symmetry. One ends up with the Minimal Super-
symmetric Standard Model (MSSM) [6–8]. One could even go one step further and promote this new symmetry to a
U(1) gauge symmetry (R-symmetry). The R-charges must then be chosen such that the “nice” terms remain in the
Lagrangian and the unwanted terms will not be allowed anymore. Further requirement is the vanishing of possible
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additional anomalies [9,10]. This scenario is preferred from a string theoretical view because in string theory one has
many additional U(1)’s “floating around”, what makes the introduction of this symmetry more natural.
It is interesting to explore what the constraints on the R-parity violating couplings, especially λijk, λ
′
ijk, and λ
′′
ijk, are
from the experimental point of view. Bounds on these couplings have been found by many authors [11–14]. Sometimes
the bounds on products of couplings are more restrictive than the products of the individual bounds. Depending on
the reactions that the couplings are involved in the constraints from experiment are very strong or rather poor.
In this paper we want to explore the (theoretical) influence of λ, λ′, and λ′′ on the decay b → sγ. This has been
done before by other authors [15]. However, here we will include the full operator basis at leading-log of the effective
low-energy theory.
The comparison with the experiment must result in bounds that are model dependent. The relevant couplings are
proportional to the inverse mass-squared of particles (Higgs, SUSY-partners) that have not yet been detected. How-
ever, it is clear from next-to-leading-log calculations that the prediction of the MSSM with a realistic mass spectrum
lies within the current experimental bounds.
Because of the strong model dependence we do not perform our calculations at highest precision. Nevertheless we try
to include all the possibly relevant contributions at leading-log. We do not claim our results to be very accurate. It
is the aim of this paper to explore if b → sγ has the potential power to reduce the bounds of (products of) some of
the R-parity breaking couplings substantially, i.e., by some order of magnitude.
This article is divided as follows: Section 2 introduces the model we are working with. We try to describe as precise
as possible what our assumptions are. The following section deals with the effective Hamiltonian approach. The
enhanced operator basis is presented and the γ-matrix as well as the matching conditions at MW calculated. The
comparison with the experiment is performed in section 4. Section 5 contains our conclusions. In the appendix we
present some technical details of our computations, namely the mixing matrices,the relevant part of the interaction
Lagrangian and the RGE’s that are needed.
II. FRAMEWORK
In supersymmetry the matter fields are described by left-handed chiral superfields Σi. They contain a scalar
boson zi and a two-component fermion ψi. Real vector superfields V a are needed to form the gauge bosons Aaµ
and the gauginos λa. The minimal supersymmetric standard model is the model with the smallest particle content
that is able to mimic the features of the standard model, i.e., including all the observed particles, gauge group
SU(3)colour×SU(2)weak×U(1)Y , spontaneous symmetry breaking and the Higgs mechanism. Its superfields together
with their components are collected in table I. A few comments are in order:
• Because the theory only deals with left-handed chiral superfields the SU(2)-singlet matter fields must be defined
via their charged conjugated (anti-) fields.
• No conjugated superfields are allowed in the superpotential W . Therefore we need to introduce a second Higgs
field to give the up and the down quarks a mass when the neutral components gain a vacuum expectation value
(vev).
• The L’s and R’s in the names of squarks and sleptons only identify the fermionic partners. These fields are just
normal complex scalar bosons.
It must be mentioned that the fields in table I are not the physical fields.
• In the Higgs sector three degrees of freedom are eaten by the gauge bosons in analogy to the SM. We end up
with one charged and three neutral Higgs bosons.
• Higgsinos and gauginos of SU(2)× U(1) mix to form charginos and neutralinos.
• Photon, W - and Z-boson form when the electroweak symmetry breaks down.
• The three generations of quarks and leptons mix via the Cabibbo-Kobayashi-Maskawa-matrix K to give the
mass eigenstates in complete analogy to the standard model.
• The family mixing also takes place in the squark and slepton sector. However, there is an additional mixing
between the partners of left- and right-handed fermions due to the soft-breaking terms.
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Appendix A gives a more detailed description of the different mixings including a complete listing of all relevant
mixing matrices.
The component expression of the Lagrangian we base our model on can be written as
L = Lkin + Lint + LW − Vsoft, (3)
where
• Lkin and Lint stand for the kinetic energies, the interactions between chiral and gauge fields and part of the
scalar potential.
• LW contains the rest of the scalar potential and the Yukawa interactions:
LW = −
∑
i
∣∣∣∣∂W∂zi
∣∣∣∣
2
− 1
2
∑
ij
[
ψi
∂2W
∂zi∂zj
ψj + h.c.
]
, (4)
where W should be viewed as a function of the scalar fields.
• W is the superpotential which contains all possible gauge invariant combinations of the left-handed superfields
(but not their conjugated right-handed partners). In our case, this results in equation (1). It should be
noted that every term is a gauge invariant combination of the corresponding superfields, for instance, QiH2U
c
j
is abbreviated for ǫαβ Q
αA
i H
β
2 U
cA
j , where α and β are SU(2)-indices, A is an SU(3)-index and ǫαβ is the
completely antisymmetric tensor with ǫ12 = 1
1. The second line of (1) represents the R-parity breaking
sector. As a consequence of the antisymmetry in the fields λ is antisymmetric in its first two indices and
λ′′ is antisymmetric in its last two indices. Therefore the trilinear R-parity breaking couplings of W contain
9 + 27 + 9 = 45 new parameters.
• Vsoft includes the soft-breaking trilinear terms of the scalar potential and mass terms for the scalar fields and
the gauginos. It has the form
Vsoft = [h
u
ij q˜ih˜2u˜
†
j + h
d
ij h˜1q˜id˜
†
j + h
e
ij h˜1ℓ˜ie˜
†
j
+
1
2
Cijk ℓ˜iℓ˜j e˜
†
k + C
′
ijk ℓ˜iq˜j d˜
†
k +
1
2
C′′ijku˜
†
i d˜
†
j d˜
†
k
+µ˜h˜1h˜2 + µ˜2iℓ˜ih˜2] + h.c. +m
2
abz
azb†
+
1
2
Ma[λaλa + h.c.]. (5)
The MSSM in its full generality with an additional R-parity breaking sector involves over 150 free parameters.
These are by far too many for the model to be predictive. In the following we will reduce the parameter space
substantially by making some assumptions that are, hopefully, well motivated.
As a first step it is important to mention that we see our softly broken global SUSY at a low energy scale ∼ MZ
emerging from a spontaneously broken local supersymmetry at a high scale MX ∼ 1016 GeV taking the flat limit
MPlanck →∞, m0 := mgravitino =constant. This fixes most of the parameters of Vsoft at MX :
• All the coefficients of the trilinear terms in Vsoft are related to the corresponding terms of W by a multiplication
with a universal factor Am0:
1The antisymmetry of the SU(2) product is the reason why a term ∼ H1H1E
c
i is not introduced
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huij = Am0λ
u
ij Cijk = Am0λijk
hdij = Am0λ
d
ij C
′
ijk = Am0λ
′
ijk
heij = Am0λ
e
ij C
′′
ijk = Am0λ
′′
ijk
(6)
• An analogous statement holds for the bilinear terms:
µ˜ = Bm0µ µ˜2i = Bm0µ2i, (7)
where usually
B = A− 1. (8)
• The mass term of the scalars are diagonal and universally equal to the gravitino mass m0:
m2ab = m
2
0δab (9)
We assume unification of the gauge group at MX . As a consequence all the gaugino masses are equal at that scale:
Mi(MX) =M ∀i (10)
Not all entries of the Yukawa-matrices λuij , λ
d
ij , and λ
e
ij are observable in the SM. One usually chooses two of them
(in most cases λd and λe) to be diagonal. Although this is in principle not possible in our model we will adopt this
choice here for convenience. All the entries at MW are then fixed by the quark/lepton masses, the vevs v1 and v2 of
the neutral Higgs bosons H1 and H2 respectively and the Cabibbo-Kobayashi-Maskawa-matrix K.
µH1H2 is the so-called µ-term. The mass parameter µ must be of order of the weak scale whereas the natural
scale would be the Planck mass MP ∼ 1019 GeV. The question why this parameter is so small is referred to as the
µ-problem.
µ2iLiH2 and µ˜2iℓ˜ih˜2 mix Higgs and leptonic sector. We choose to set µ2i(MX) = µ˜2i(MX) = 0. At MZ , µ2iLiH2
can be rotated away with the help of a field redefinition of the Higgs field whereas µ˜2i is, at least in the case of a
physically realistic spectrum, small enough to be neglected.
One ends up with the following free parameters:
A, m0, M, µ (11)
Usually, one replaces one of these parameters by tanβ = v2/v1. A second parameter will be fixed by the requirement
of a correct electroweak symmetry breaking. This means, the minimum of the scalar Higgs potential must occur at
values (v1, v2) which reproduce the correct mass of the Z-boson:
M2Z =
g21 + g
2
2
2
(v21 + v
2
2) (12)
It has been realized by many authors [16–18] that the tree-level potential
V0 = (µ
2 +m2H1H1)(h˜
0
1)
2 + (µ2 +m2H2H2)(h˜
0
2)
2 + 2µ˜ h˜01 h˜
0
2 (13)
+
g21 + g
2
2
8
[
(h˜01)
2 − (h˜02)2
]2
is not enough to gain sensible values for v1 and v2. Thus we have to include the first correction ∆V to the effective
potential. At a mass scale Q, it has the form [19,20]
∆V =
1
64π2
Str
[
M4
(
ln
M2
Q2
− 3
2
)]
=
1
64π2
∑
p
(−1)2sp(2sp + 1)npM4p
(
ln
|M2p |
Q2
− 3
2
)
. (14)
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Here, Str denotes the supertrace andM2 is the tree-level mass matrix squared. p runs over all particles of the theory
with spin sp whereas Mp is the corresponding eigenvalue (mass) of the particle. np counts for the degrees of freedom
according to colour and helicity. The eigenvalues Mp depend on the neutral components of h˜1 and h˜2 and therefore
change the shape of the potential and its minimum. For most of the particles, they can only be computed numerically.
One comment is in order: A phase rotation of the Higgs fields can turn a negative vev into a positive one. This freedom
is reflected in the fact that the sign of µ can be chosen freely giving then a different phenomenology.
To compute the mixing matrices and the one-loop effective potential one has to know the mass matrices at MZ .
Unfortunately, for most of the parameters we know the boundary conditions at the high scale MX . Hence one has
to set up the complete set of RGE’s to run the parameters from MX to MZ . The details of how to get a consistent
parameter space are described in section IV, the complete set of RGE’s can be found in appendix B.
III. THE EFFECTIVE HAMILTONIAN
A. The case of the MSSM
The decay b → sγ occurs at energies of a few GeV∼ mb. This is much below the weak scale. It makes sense to
work with an effective Hamiltonian Heff where all the heavy fields (compared to mb) are integrated out [21]. In the
SM these are the Z- and the W -boson and the top quark whereas for our purposes the Z-boson does not play any
role. A result of integrating out these fields is the appearance of new local operators of dimension higher than four.
This can be illustrated by the shrinking of the Feynman diagrams in Fig. 1.
Once one lets the strong interaction come into the game, QCD corrections of these new operators give rise to additional
operators. For a consistent treatment of all the corrections at a certain level of QCD we have to include a set of
operatorsOi which closes under these corrections. Our low-energy theory is then described by an effective Hamiltonian
Heff = −
∑
i
CiOi. (15)
The QCD renormalization of the operators must be performed at a scale where no large logarithms appear, i.e.,
at µ ∼ MW . However, a calculation of Br(b → sγ) at energy scales ∼ mb requires the knowledge of the Wilson
coefficients Ci at that scale. The Ci’s depend on a renormalization scale µ. They obey the renormalization group
equations
dCi
d lnµ
= γjiCj , (16)
where γij is the gamma-matrix that emerges from the QCD-mixing of the operators Oi. As initial conditions we find
Ci(MW ) by matching the effective theory with the full theory at that scale. The RGE’s are then solved to give Ci(mb)
In the standard model the relevant set of operators for b→ sγ is given by
O1 = (sLαγ
µbLα) (cLβγµcLβ)
O2 = (sLαγ
µbLβ) (cLβγµcLα)
O3 = (sLαγ
µbLα)
∑
i
(qLiβγµqLiβ)
O4 = (sLαγ
µbLβ)
∑
i
(qLiβγµqLiα)
O5 = (sLαγ
µbLα)
∑
i
(qRiβγµqRiβ)
O6 = (sLαγ
µbLβ)
∑
i
(qRiβγµqRiα)
O7 =
e
16π2
mb sLασµνbRα F
µν
5
O8 =
gs
16π2
mb sLασµνbRβ t
aαβ Gaµν . (17)
Here, qL/Rγ
µqL/R = qγ
µ(1 ∓ γ5)q, sLσµνbR = sσµν(1 + γ5)b, the sum runs over the five quarks of the effective
theory at mb, and α, β are colour indices. The operators O1 and O3−O6 are introduced by QCD corrections through
diagrams like those depicted in Fig. 2.
It is interesting to note that in the MSSM without R-parity violation the relevant operator basis does not change
although we definitely have new decay channels. The γ-matrix at leading-log can be found in appendix C by picking
up the relevant entries. Because the contribution of the diagram in Fig. 3 is not divergent, the mixing of O1 − O6
with O7/8 involves two-loop diagrams like those of figures 4 and 5 [22,23].
Although we only need the divergent part of these diagrams one has to be very careful in computing the countert-
erms because one must include certain additional operators [24,25], so-called evanescent operators that vanish in four
dimensions but must be kept in D dimensions in all intermediate steps of the calculation. Furthermore, the two-loop
results are regularization scheme dependent [25]. This regularization scheme dependence of the γ-matrix cancels with
possible finite one-loop [but O(α0s)] contributions from O5 and O6, inserted in the diagram of Fig. 3, to the matrix
element of b→ sγ. As a result of these complications, the calculation of the γ-matrix at leading-log has been finished
only few years ago [26–29]. Meanwhile, also the next-to leading result is known [30–43,25]. We will concentrate on
the leading-log calculation.
The matching of the effective theory with the full theory at MW must be performed only at order α
0
s because the
leading QCD corrections are already included in the operator mixing. In the standard model this involves diagrams
with a W -exchange for O2 and diagrams with a W -t-loop (in the unitary gauge) for O7/8 corresponding to Fig. 6 (a).
The result is then [44]
C2SM(MW ) =
GF√
2
K∗tsKtb (18)
C7SM(MW ) = −GF√
2
K∗tsKtb3xtW [QuF1(xtW ) + F2(xtW )] (19)
C8SM(MW ) = −GF√
2
K∗tsKtb3xtWF1(xtW ), (20)
where GF = g
2
2/(4
√
2M2W ) ≈ 1.166 · 10−5 GeV−2 is the Fermi constant, xab = m2a/m2b and the functions Fi are given
in appendix D.
The matching conditions for C7/8 become far more complicated in the case of the MSSM, even without R-parity
violation. In addition to the W -t-loop there are four more combinations of particles in the loop:
• charged Higgs H±—top t ,Fig. 6 (b)
• up-squark u˜—chargino χch ,Fig. 6 (c)
• down-squark d˜—neutralino χ0 ,Fig. 6 (d)
• down-squark d˜—gluino g ,Fig. 6 (e)
In principle, these contributions give rise to two new operators
O˜7 =
e
16π2
mb sRασµνbLα F
µν
O˜8 =
gs
16π2
mb sRασµνbLβ t
aαβ Gaµν . (21)
Note that O˜7/8 differ from O7/8 only by their handedness. The Wilson coefficients of these new operators are
usually so small that they can be safely neglected [45]. However, we will include them in our calculations because we
need them later on anyway. We only neglect contributions from the Higgs sector which are proportional to some light
quark masses.
The matching conditions become rather involved now. They include many mixing matrices, whose definitions we give
in appendix A1. We have [45]
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C7MSSM = C7SM
−GF√
2
K∗tsKtb{cot2 β xtH [QuF1(xtH) + F2(xtH)]
+ xtH [QuF3(xtH) + F4(xtH)]}
+
1
4
1
m2u˜j
Bd2jℓB
d∗
3jℓ
[
F1(xχch
ℓ
u˜j ) +QuF2(xχchℓ u˜j )
]
+
1
4
1
m2u˜j
mχch
ℓ
mb
Bd2jℓA
d∗
3jℓ
[
F3(xχch
ℓ
u˜j ) +QuF4(xχchℓ u˜j )
]
+
Qd
4
1
m2
d˜j
[
Dd2jℓD
d∗
3jℓF2(xχ0
ℓ
d˜j
) +
mχ0
ℓ
mb
Dd2jℓC
d∗
3jℓF4(xχ0
ℓ
d˜j
)
]
+
2
3
Qd g
2
s
1
m2
d˜j
[
Γd†L2jΓ
d
Lj3F2(xgd˜j )−
mg
mb
Γd†L2jΓ
d
Rj3F4(xgd˜j )
]
(22)
C8MSSM = C8SM
−GF√
2
K∗tsKtb[cot
2 β xtHF1(xtH) + xtHF3(xtH)]
+
1
4
1
m2u˜j
[
Bd2jℓB
d∗
3jℓF2(xχchℓ u˜j ) +
mχch
ℓ
mb
Bd2jℓA
d∗
3jℓF4(xχchℓ u˜j )
]
+
1
4
1
m2
d˜j
[
Dd2jℓD
d∗
3jℓF2(xχ0
ℓ
d˜j
) +
mχ0
mb
Dd2jℓC
d∗
3jℓF4(xχ0
ℓ
d˜j
)
]
+
2
3
g2s
1
m2
d˜j
[
Γd†L2jΓ
d
Lj3F2(xgd˜j )−
mg
mb
Γd†L2jΓ
d
Rj3F4(xgd˜j )
]
−3
4
g2s
1
m2
d˜j
[
Γd†L2jΓ
d
Lj3F1(xgd˜j )−
mg
mb
Γd†L2jΓ
d
Rj3F3(xgd˜j )
]
(23)
C˜7MSSM = −GF√
2
K∗tsKtb
msmb
m2t
tan2 β xtH [QuF1(xtH) + F2(xtH)]
+
1
4
1
m2u˜j
Ad2jℓA
d∗
3jℓ
[
F1(xχch
ℓ
u˜j ) +QuF2(xχchℓ u˜j )
]
+
1
4
1
m2u˜j
mχch
ℓ
mb
Ad2jℓB
d∗
3jℓ
[
F3(xχch
ℓ
u˜j ) +QuF4(xχchℓ u˜j )
]
+
Qd
4
1
m2
d˜j
[
Cd2jℓC
d∗
3jℓF2(xχ0
ℓ
d˜j
) +
mχ0
ℓ
mb
Cd2jℓD
d∗
3jℓF4(xχ0
ℓ
d˜j
)
]
+
2
3
Qd g
2
s
1
m2
d˜j
[
Γd†R2jΓ
d
Rj3F2(xgd˜j )−
mg
mb
Γd†R2jΓ
d
Lj3F4(xgd˜j )
]
(24)
C˜8MSSM = −GF√
2
K∗tsKtb
msmb
m2t
tan2 β xtHF1(xtH)
+
1
4
1
m2u˜j
[
Ad2jℓA
d∗
3jℓF2(xχch
ℓ
u˜j ) +
mχch
ℓ
mb
Ad2jℓB
d∗
3jℓF4(xχch
ℓ
u˜j )
]
+
1
4
1
m2
d˜j
[
Cd2jℓC
d∗
3jℓF2(xχ0
ℓ
d˜j
) +
mχ0
ℓ
mb
Cd2jℓD
d∗
3jℓF4(xχ0
ℓ
d˜j
)
]
+
2
3
g2s
1
m2
d˜j
[
Γd†R2jΓ
d
Rj3F2(xgd˜j )−
mg
mb
Γd†R2jΓ
d
Lj3F4(xgd˜j )
]
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−3
4
g2s
1
m2
d˜j
[
Γd†R2jΓ
d
Rj3F1(xgd˜j )−
mg
mb
Γd†R2jΓ
d
Lj3F3(xgd˜j )
]
. (25)
B. Including the R-parity breaking terms
1. The new operator basis
As mentioned before, the difference between the standard model and the MSSM does not lie in a change of the
operator basis but rather in different matching conditions at MW . This situation changes drastically if one includes
the R-parity breaking sector. Now our basis has to be enlarged. To find out which are the relevant new operators we
first write down the R-parity breaking Yukawa couplings:
LYukawa6R = Lλ + Lλ′ + Lλ′′ , (26)
where
Lλ = 1
2
λijk
[
Γe†Liℓe˜ℓeRkνLj + Γ
ν†
jℓ ν˜ℓeRkeLi + Γ
e
Rℓke˜
†
ℓe
c
RiνLj
]
+
1
2
λ∗ijk
[
ΓeLℓie˜
†
ℓνLjeRk + Γ
ν†
ℓj ν˜
†
ℓ eLieRk + Γ
e†
Rkℓe˜ℓνLje
c
Ri
]
(27)
Lλ′ = 1
2
λ′ijk
[
Γe†LiℓK
†
jme˜ℓdRkuLm + Γ
u†
Ljℓu˜ℓdRkeLi + Γ
d
RℓkK
†
jmd˜
†
ℓe
c
RiuLm
− Γν†iℓ ν˜ℓdRkdLj − Γd†Ljℓd˜ℓdRkνLi − ΓdRℓkd˜†ℓνcRidLj
]
+
1
2
λ′∗ijk
[
ΓeLℓiKmj e˜
†
ℓuLmdRk + Γ
u
Lℓju˜
†
ℓeLidRk + Γ
d†
RkℓKmj d˜ℓuLme
c
Ri
− Γνℓiν˜†ℓdLjdRk − ΓdLℓj d˜†ℓνLidRk − Γd†Rkℓd˜ℓdLjνcRi
]
(28)
Lλ′′ = −1
4
λ′′ijk
[
ΓuRℓiu˜
†
ℓdRjd
c
Lk + Γ
d
Rℓj d˜
†
ℓuRid
c
Lk + Γ
d
Rℓkd˜
†
ℓuRid
c
Lj
]
−1
4
λ′′∗ijk
[
Γu†Riℓu˜ℓd
c
LkdRj + Γ
d†
Rjℓd˜ℓd
c
LkuRi + Γ
d†
Rkℓd˜ℓd
c
LjuRi
]
. (29)
Here, all the fields belong to the mass basis. The colour indices have been omitted.
The next task is to build four-quark operators out of two Yukawa couplings that contribute at O(αs) to b → sγ.
The boson serves as a bridge between the fermions in analogy to the W boson in the standard model. The following
points must be taken care of:
• The top quark is not at our disposal in the five flavour effective theory.
• We not only need an ingoing b and an outgoing s. The two remaining quarks must be of the same type because
one has to be able to close the loop with these fermions.
It is clear that Lλ cannot participate because it contains no squarks and semi-leptonic operators can be neglected.
Also, Lλ′ does not mix with Lλ′′ . As an example, we take the first term of Lλ′ together with his hermitian conjugate.
The situation is depicted in Fig. 7:
i
2
λ′ij2Γ
e†
LiℓK
†
jme˜ℓsRuLm
i
k2 −m2e˜ℓ
i
2
λ′∗ab3Γ
e
LℓaKmbe˜
†
ℓuLmbR
k2≪m2e˜ℓ−→ i
4
1
m2e˜ℓ
λ′ij2λ
′∗
aj3Γ
e†
LiℓΓ
e
Lℓa (sRuLj) (uLjbR)
= − i
8
1
m2e˜ℓ
λ′ij2λ
′∗
aj3Γ
e†
LiℓΓ
e
Lℓa (sRαγ
µbRβ) (uLjαγ
µuLjβ) (30)
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In the first step we used the fact that the two squarks have to be of the same type and the unitarity of the CKM-matrix.
In the second step we performed a Fierz rearrangement. This is done to get the same structure (i.e., two vectors)
for the four-fermion operator as in the standard model case. The advantages of this rearrangement will become clear
when calculating the γ-matrix. In the last line we put the colour indices α, β for clarity.
As one can see clearly, the effect of the (unitary) squark mixing matrix ΓeL becomes enhanced if the masses of the
selectrons are very different for the three generations. If there were a mass degeneracy they would simply give a factor
δia. This is a general feature in our calculations.
The operator that appears in Eq. (30) is of a new type. It consists of a right-handed b- and a right-handed s-quark.
(Actually, these are two operators, one with a pair of u-quarks and the other with two c-quarks.)
A careful investigation results in the following set of new operators:
From L′λ one gets
P1 = (sRαγ
µbRβ) (uLβγµuLα)
P2 = (sRαγ
µbRβ) (cLβγµcLα)
P3 = (sRαγ
µbRβ) (dLβγµdLα)
P4 = (sRαγ
µbRβ) (sLβγµsLα)
P5 = (sRαγ
µbRβ) (bLβγµbLα)
P6 = (sLαγ
µbLβ) (dRβγµdRα)
P7 = (sLαγ
µbLβ) (sRβγµsRα)
P8 = (sLαγ
µbLβ) (bRβγµbRα)
P9 = (sRαγ
µbRα)
∑
i
(qRiβγ
µqRiβ)
P10 = (sRαγ
µbRβ)
∑
i
(qRiβγ
µqRiα)
P11 = (sRαγ
µbRα)
∑
i
(qLiβγ
µqLiβ)
P12 = (sRαγ
µbRβ)
∑
i
(qLiβγ
µqLiα). (31)
It is worth noting that the operators P1 - P8 emerge directly from the Lagrangian and P9 - P12 are induced through
QCD corrections. One would expect partners of P1 - P8 with colour structure (αα)(ββ) to be introduced by QCD.
This does not happen at leading-log (accidently).
Lλ′′ leads to the following additional operators:
R1 = (sRαγ
µbRα) (uRβγµuRβ)
R2 = (sRαγ
µbRβ) (uRβγµuRα)
R3 = (sRαγ
µbRα) (cRβγµcRβ)
R4 = (sRαγ
µbRβ) (cRβγµcRα)
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R5 = (sRαγ
µbRα) (dRβγµdRβ)
R6 = (sRαγ
µbRβ) (dRβγµdRα). (32)
Here, all the operators R1 - R6 appear already in the tree-level effective Lagrangian.
In principle, the effective Hamiltonian also contains semi-leptonic Operators. However, these can be neglected because,
as a consequence of their Dirac structure, they do not contribute to the decay b→ sγ.
2. The γ-matrix
The whole basis now consists of 28 operators. Their QCD-mixing is described by a 28× 28-γ-matrix. It is depicted
in appendix C. There are three different blocks in this matrix that have to be treated in separate ways.
• mixing of four-fermion operators among themselves
This block involves the one-loop diagrams of Fig. 2. There are no further complications. The mixing of O1 - O8
is known already since a long time [46].
• mixing of O7, O8 and O˜7, O˜8 among themselves
These entries need not to be computed. The mixing of O7 and O8 is known and the new operators mix in
exactly the same way such that the corresponding numbers can be copied.
• mixing of the four-fermion operators with O7, O8, O˜7, O˜8
This task is more difficult. In principle, one has to compute the divergent part of all the diagrams of Fig. 4 and
5 together with their counterterms and the contributions of the evanescent operators [47]. Moreover, there are
four different types of chiralities to be inserted: (LL)(LL), (LL)(RR), (RR)(LL) and (RR)(RR). For the first
two this calculation had to be performed for the case of the standard model. The detailed results are listed in
[26]. The second two types of insertions are new. Fortunately, one can deduce the divergent parts of these types
of insertions by making the following two observations:
– The diagrams of Fig. 4 contain only one fermion line. Here, it is crucial if the two quark pairs of the
inserted operator have the same or opposite chirality. Thus, an insertion of a (RR)(RR) leads to the same
divergence as an insertion of a (LL)(LL) as well as the divergence of an insertion of a (RR)(LL) is the
same as for the case of (LL)(RR).
– One must be careful with the diagrams that contain a closed fermion loop (Fig. 5). At a first sight, one
may deduce that the divergence does depend on the chirality of the quarks running in the loop but not
on the chirality of the s- and the b-quark. However, this is wrong.2 The difference between a right- and a
left-handed quark in the loop results in a term Tr(±γ5 Γ) where Γ stands for a collection of at least four
Dirac γ-matrices and the sign corresponds to a right- or left-handed quark in the loop, respectively. The
trace leads to an ε-tensor that is contracted with a γ-matrix between the external quarks. This produces
an additional γ5. Now note that γ5 PR = +PR, whereas γ
5 PL = −PL. This means, we need to change the
chirality in both fermion pairs to end up with the same mixing. Hence, if an insertion of an operator of
type (LL)(LL) [(LL)(RR)] gives a certain contribution to O7/8 the (RR)(RR) [(RR)(LL)] operator will
give exactly the same contribution to O˜7/8.
To summarize, the mixing of the four-fermion operators with O˜7/8 can be deduced completely from the results of [26]
by interchanging left-handed and right-handed projectors.
All the previous calculations involve γ5. It is therefore clear that the results depend on the regularization scheme.
This dependence will be cancelled by finite one-loop (but O(α0s)) contributions of some four-fermion operators Qi to
the Amplitude A of b→ sγ through the diagram of Fig. 3. Schematically, the result is then
2We thank the authors of [48] for clarifying this point to us.
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A = C7〈sγ|O7|b〉tree + C˜7〈sγ|O˜7|b〉tree +
∑
i
CQi〈sγ|Qi|b〉1−loop. (33)
An alternative [49] is to define effective coefficients in a way that A becomes
A = Ceff7 〈sγ|O7|b〉tree + C˜eff7 〈sγ|O˜7|b〉tree. (34)
This can be achieved by defining four vectors {yi}, {zi}, {y˜i}, and {z˜i} through
〈sγ|Qi|b〉1−loop =: yi〈sγ|O7|b〉tree
〈s gluon|Qi|b〉1−loop =: zi〈s gluon|O8|b〉tree
〈sγ|Qi|b〉1−loop =: y˜i〈sγ|O˜7|b〉tree
〈s gluon|Qi|b〉1−loop =: z˜i〈s gluon|O˜8|b〉tree. (35)
The effective Wilson-coefficients must be defined as
Ceff7 (µ) := C7(µ) +
∑
i
yiCi(µ)
Ceff8 (µ) := C8(µ) +
∑
i
ziCi(µ)
C˜eff7 (µ) := C˜7(µ) +
∑
i
y˜iCi(µ)
C˜eff8 (µ) := C˜8(µ) +
∑
i
z˜iCi(µ)
CeffQi (µ) := CQi(µ). (36)
The vector
~Ceff(µ) :=
{
CeffQi (µ), C
eff
7 (µ), C
eff
8 (µ), C˜
eff
7 (µ), C˜
eff
8 (µ)
}
(37)
is then regularization scheme independent. Remember that the index i runs over all four fermion operators.
The effective coefficients obey RGE’s which can be derived from the RGE’s for Ck(µ), where k labels the whole set
of operators. They are
d
lnµ
Ceffk (µ) =
αs
4π
γeffjk C
eff
j (µ), (38)
where
γeffjk =


γjk +
∑24
i=1 yiγji − yjγO7O7 − zjγO8O7 k = O7, j = 1, . . . , 24
γjk +
∑24
i=1 ziγji − zjγO8O8 k = O8, j = 1, . . . , 24
γjk +
∑24
i=1 y˜iγji − y˜jγO˜7O˜7 − z˜jγO˜8O˜7 k = O˜7, j = 1, . . . , 24
γjk +
∑24
i=1 z˜iγji − z˜jγO˜8O˜8 k = O˜8, j = 1, . . . , 24
γjk otherwise
(39)
For a finite contribution of an operator inserted in the diagram of Fig. 3 we need
• two pairs of fermions with different chirality, i.e., operators of the form (LL)(RR) or (RR)(LL)
• a b-quark running in the loop.
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This reduces the possibilities to O5, O6, P5, P8, P11 and P12. The results for {yi}, {zi}, {y˜i} and {z˜i} are then
yi =


− 23 i = O5−2 i = O6, P8
0 otherwise
zi =
{
2 i = O5
0 otherwise
y˜i =


− 23 i = P11−2 i = P5, P12
0 otherwise
z˜i =
{
2 i = P11
0 otherwise
(40)
There is one more subtlety concerning the matching at MW : In the standard model we have 〈sγ|Heff |b〉 =
C7(MW )〈sγ|O7|b〉. Now, more operators contribute:
〈sγ|Heff |b〉 = C7(MW )〈sγ|O7|b〉+ C˜7(MW )〈sγ|O˜7|b〉
−2CP8(MW )〈sγ|P8|b〉 − 2CP5(MW )〈sγ|P5|b〉
= Ceff7 (MW )〈sγ|O7|b〉+ C˜eff7 (MW )〈sγ|O˜7|b〉. (41)
Hence, the matching procedure does not lead to C7(MW ) and C˜7(MW ) but directly to C
eff
7 (MW ) and C˜
eff
7 (MW ).
3. The matching conditions
The matching for the additional four-fermion operators must only be performed at tree-level. The matching
conditions are therefore easily derived. An example is given in (30). The complete set is
CeffP1 (MW ) = −
1
8
λ′i12λ
′∗
j13Γ
e†
LiℓΓ
e
Lℓj
1
m2e˜ℓ
CeffP2 (MW ) = −
1
8
λ′i22λ
′∗
j23Γ
e†
LiℓΓ
e
Lℓj
1
m2e˜ℓ
+
GF√
2
K∗tsKtb
msmb
2m2H+
tan2 β
CeffP3 (MW ) = −
1
8
λ′i12λ
′∗
j13Γ
ν†
LiℓΓ
ν
Lℓj
1
m2ν˜ℓ
CeffP4 (MW ) = −
1
8
λ′i22λ
′∗
j23Γ
ν†
LiℓΓ
ν
Lℓj
1
m2ν˜ℓ
CeffP5 (MW ) = −
1
8
λ′i32λ
′∗
j33Γ
ν†
LiℓΓ
ν
Lℓj
1
m2ν˜ℓ
CeffP6 (MW ) = −
1
8
λ′i31λ
′∗
j21Γ
ν†
LiℓΓ
ν
Lℓj
1
m2ν˜ℓ
CeffP7 (MW ) = −
1
8
λ′i32λ
′∗
j22Γ
ν†
LiℓΓ
ν
Lℓj
1
m2ν˜ℓ
CeffP8 (MW ) = −
1
8
λ′i33λ
′∗
j23Γ
ν†
LiℓΓ
ν
Lℓj
1
m2ν˜ℓ
CeffP9 (MW ) = C
eff
P10 (MW ) = C
eff
P11 (MW ) = C
eff
P12(MW ) = 0
CeffR1(MW ) =
1
8
λ′′1i2λ
′′∗
1j3Γ
d†
RjℓΓ
d
Rℓi
1
m2
d˜ℓ
CeffR2(MW ) = −
1
8
λ′′1i2λ
′′∗
1j3Γ
d†
RjℓΓ
d
Rℓi
1
m2
d˜ℓ
= −CeffR1(MW )
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CeffR3(MW ) =
1
8
λ′′2i2λ
′′∗
2j3Γ
d†
RjℓΓ
d
Rℓi
1
m2
d˜ℓ
CeffR4(MW ) = −
1
8
λ′′2i2λ
′′∗
2j3Γ
d†
RjℓΓ
d
Rℓi
1
m2
d˜ℓ
= −CeffR3(MW )
CeffR5(MW ) =
1
8
λ′′i12λ
′′∗
j13Γ
u†
RjℓΓ
u
Rℓi
1
m2u˜ℓ
CeffR6(MW ) = −
1
8
λ′′i12λ
′′∗
j13Γ
u†
RjℓΓ
u
Rℓi
1
m2u˜ℓ
= −CeffR5(MW ). (42)
In CeffP2 (MW ) we included a term coming from Higgs exchange because it can possibly be large in the case of a large
tanβ.
There are some more terms to add to C7, C8, C˜7, and C˜8, too
Ceff7 (MW ) = C7MSSM(MW )
−1
4
Qd
m2ν˜ℓ
λ′i3kλ
′∗
j2kΓ
ν†
iℓ Γ
ν
ℓjF1(xdk ν˜ℓ)
+
1
48
Qd
m2
d˜ℓ
λ′k3iλ
′∗
k2jΓ
d†
RjℓΓ
d
Rℓi (43)
Ceff8 (MW ) = C8MSSM(MW )
−1
4
1
m2ν˜ℓ
λ′i3kλ
′∗
j2kΓ
ν†
iℓ Γ
ν
ℓjF1(xdk ν˜ℓ)
+
1
48
1
m2
d˜ℓ
λ′k3iλ
′∗
k2jΓ
d†
RjℓΓ
d
Rℓi (44)
C˜eff7 (MW ) = C˜7MSSM(MW )
+
1
4
1
m2e˜ℓ
λ′ia2λ
′∗
jb3K
†
anKnbΓ
e†
LiℓΓ
e
Lℓj [−QuF1(xun e˜ℓ) +QeF2(xun e˜ℓ)]
+
1
4
1
m2u˜ℓ
λ′ki2λ
′∗
kj3Γ
u†
LiℓΓ
u
Lℓj [−QeF1(xeku˜ℓ) +QuF2(xeku˜ℓ)]
−Qd
4
1
m2ν˜ℓ
λ′ik2λ
′∗
jk3Γ
ν†
iℓ Γ
ν
ℓjF1(xdk ν˜ℓ)
+
Qd
48
1
m2
d˜ℓ
λ′ki2λ
′∗
kj3Γ
d†
LiℓΓ
d
Lℓj
+
1
2
1
m2u˜ℓ
λ′′ik2λ
′′∗
jk3Γ
u†
RjℓΓ
u
Rℓi [QdF1(xdku˜ℓ)−QuF2(xdku˜ℓ)]
+
1
2
1
m2
d˜ℓ
λ′′ki2λ
′′∗
kj3Γ
d†
RjℓΓ
d
Rℓi
[
QuF1(xuk d˜ℓ)−QdF2(xuk d˜ℓ)
]
(45)
C˜eff8 (MW ) = C˜8MSSM(MW )
−1
4
1
m2e˜ℓ
λ′ia2λ
′∗
jb3K
†
anKnbΓ
e†
LiℓΓ
e
LℓjF1(xune˜ℓ)
+
1
4
1
m2u˜ℓ
λ′ki2λ
′∗
kj3Γ
u†
LiℓΓ
u
LℓjF2(xeku˜ℓ)
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−1
4
1
m2ν˜ℓ
λ′ik2λ
′∗
jk3Γ
ν†
iℓ Γ
ν
ℓjF1(xdk ν˜ℓ)
+
1
48
1
m2
d˜ℓ
λ′ki2λ
′∗
kj3Γ
d†
LiℓΓ
d
Lℓj
+
1
4
1
m2u˜ℓ
λ′′ik2λ
′′∗
jk3Γ
u†
RjℓΓ
u
Rℓi [−F1(xdku˜ℓ) + F2(xdku˜ℓ)]
+
1
4
1
m2
d˜ℓ
λ′′ki2λ
′′∗
kj3Γ
d†
RjℓΓ
d
Rℓi
[
−F1(xuk d˜ℓ) + F2(xuk d˜ℓ)
]
−2CP5(MW ). (46)
4. b→ u|c eν¯
It is convenient to express the branching ratio Br(b→ sγ) through the semi-leptonic decay b→ u|c eν¯ [50–53]:
Br(b→ sγ) = Γ(b→ sγ)
Γ(b→ u|c eν¯)Brexp(b→ u|c eν¯), (47)
where we take Brexp(b → u|c eν¯) = 10.5% [54]. This has the advantage that the large bottom mass dependence
(∼ m5b) cancels out. In the SM the semi-leptonic decay is mediated by a W -boson [Fig. 8 (a)] whereas in the case
of the MSSM the charged Higgs can take the role of the W . However, the coupling to the leptons is proportional
to the electron mass and hence it can be safely neglected. Introducing the R-parity breaking terms (27) -(29) offers
new decay channels depicted in Figs. 8 (b) and (c) which have to be included in the decay width. Please note the
following few things:
• In the MSSM the decay b → ueν¯ is suppressed by the small CKM- matrix element Kub and can therefore be
neglected. In our case we have to include this decay mode.
• The absence of lepton generation mixing in the SM forces the anti-neutrino to be ν¯e. This restriction is no
longer valid in our case. Therefore, we have to sum over the three generations before squaring the amplitude
because the generation of the neutrino is not detected.
• Setting the mass of the lepton to zero (which is certainly a valid approximation) the computation in the MSSM
does not distinguish between the electron and the muon. Here, the two particles involve different couplings. We
give the results for an outgoing electron. For the muon just change the “1” in the relevant coupling to a “2”.
The results are then, to leading order and with m2u/m
2
b = 0
Γ(b→ sγ) = e
2m5b
192π5
3
4
(|C7|2 + |C˜7|2) (48)
Γ(b→ u|c eν¯) = m
5
b
192π3
1
32
{(
1− 8ǫ2 + 8ǫ6 − ǫ8 − 24ǫ4 log ǫ)×[|2A+ C2|2 + |B2|2]+ |B1|2 + |C1|2} , (49)
where
A = 2
√
2GFK23 (50)
Br =
3∑
i=1
λij1λ
′∗
mn3
m2e˜ℓ
ΓeLℓmΓ
e†
LiℓKrn r = 1, 2 (51)
Cr =
3∑
i=1
−λ
′
i3kλ
′∗
1mn
m2
d˜ℓ
ΓdRℓkΓ
d†
RnℓKrm (52)
ǫ =
mc
mb
. (53)
14
IV. RESULTS
The formulas of the previous section are far too complicated to be treated “by hand” but it is no problem to feed
them to a computer. The γ-matrix is independent of the parameters of supersymmetry. With the help ofMathematica
[55] it is possible to diagonalize it and find the influence of the QCD effects.
A. General results
Because of the enlarged operator basis the expression for C7 changes. In general, the solution of the RGE for the
Wilson-coefficients is given by
~Ceff(µ) = V

(αs(MW )
αs(µ)
) ~γD
2β0


D
V −1 ~Ceff(MW ), (54)
where V diagonalizes γT
γD = V
−1γTV. (55)
β0 = 23/3 is the one-loop beta-function and ~γD is the vector containing the eigenvalues of γ. In our case
~γD = (−16 −16 −16 −16 −16 −16 −16
−16 −8 −8 −8 −8 4 4
4 4 283
28
3
32
3
32
3 2.233
2.233 6.266 6.266 −13.791 −13.791 −6.486 −6.486).
(56)
To have an idea which coefficients are relevant we perform a numerical ana-lysis with αs(MZ) = 0.121 and µ =
mb = 4.2 GeV. The coefficients C
eff
7 (mb) and C˜
eff
7 (mb) are then
Ceff7 (mb) = −0.351CeffO2(MW )− 0.198CeffP6 (MW )− 0.198CeffP7 (MW )
−0.178CeffP8 (MW ) + 0.665Ceff7 (MW ) + 0.093Ceff8 (MW )
C˜eff7 (mb) = 0.510C
eff
P1 (MW ) + 0.510C
eff
P2 (MW )− 0.198CeffP3 (MW )
−0.198CeffP4 (MW )− 0.178CeffP5 (MW ) + 0.381CeffR1(MW )
+0.381CeffR3(MW )− 0.213CeffR5(MW ) + 0.665C˜eff7 (MW )
+0.093C˜eff8 (MW ), (57)
It is clear that the four-fermion operators including a left-handed s-quark contribute to C7/8 whereas the ones with
a right-handed s-quark contribute to C˜7/8. The numbers multiplying the different Wilson coefficients are all of the
same size, hence there is a priory no term which can be neglected.
B. Specific results for R-parity violation
It is obvious that the Wilson coefficients depend in a very complicated way on the parameters of our supersymmetric
model. Changes of λ, λ′, or λ′′ not only affect the result in a direct way but also in an indirect fashion through an
altered mass spectrum and different mixing matrices. Therefore it is very hard to make general statements on the
behaviour of the branching ratio.
As mentioned, it is not our aim to perform a high precision analysis of the parameter space [56–59] but to explore the
influence of the R-parity violating couplings on b→ sγ with a reasonable accuracy. We know that our results for the
branching ratio are only valid at the 25% level because we do a leading-log approximation with large scale uncertainty
[49]. However, we expect the impact of the R-parity breaking terms not to change much when including the next-
to-leading corrections. This means that the shape of the curves remain more or less the same whereas the offset
where our curves start (i.e., no R-parity breaking) may change significantly when calculating the next-to-leading-log
approximation. Solving the RGE’s was performed in the following way:
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• Solve the equations for the gauge couplings. The boundary conditions are the physical values atMZ . The gauge
couplings will meet atMX ≈ 2 ·1016 GeV. Choose a common value M(MX) for the gaugino masses at that high
scale and solve the RGE’s for M1-M3.
• Set tanβ and λ(MZ), λ′(MZ) and λ′′(MZ) to the desired value and use them together with the quark and
lepton masses as inputs at MZ for the Yukawa couplings. Let these couplings run to MX .
• Choose A, µ2i(MX) and trial values for m0 and µ(MX) to complete the boundary conditions atMX . The whole
set of RGE’s is then run down to MZ . We choose µ2i(MX) = 0. This is an approximation because µ2i and µ˜2i
will not vanish at MZ . However, in our examples their values are so small compared to µ and µ˜ that we can
neglect them avoiding a mixing between H1 and Li.
• The minimum of the one-loop effective Higgs potential V0 +∆V will in general not be at (v1, v2) which makes
it necessary to adjust µ(MX) and m0 in a clever way. We chose the Newton method to converge to the desired
position of the minimum. Following [18] we evaluate the minimum of the potential at some average mass scale
to avoid large logarithms and therefore get a more reliable result.
The next step is the numerical diagonalization of the mass matrices to find the masses of the physical particles and
the relevant mixing matrices.
Changing the value of the R-parity violating couplings makes it necessary to continuously adjust the values of m0
and µ(MX) which alters the mass spectrum of the particles at MZ . All the following examples correspond to mass
spectra within the current bounds for the masses of the supersymmetric particles. We encountered two critical
situations, namely too small masses for the lightest selectron and/or the lightest Higgs boson. An idea would then
be to constrain the bounds on the R-parity violating couplings through the requirement of a phenomenologically
realistic mass spectrum independent of the value for the branching ratio Br(b→ sγ). However, in general, a realistic
mass spectrum does not restrict the R-parity breaking parameters substantially. Moreover, the mass spectrum highly
depends on the values of tanβ, A and M(MX). Hence, such bounds would be strongly model dependent.
As reference model we chose tanβ = 5, A = 0 and M(MX) = 300 GeV. With vanishing R-parity violating couplings
this leads to squark masses of 600 − 800 GeV, sleptons of 260 − 330 GeV, a lightest neutralino of 120 GeV and a
lightest Higgs of about 100 GeV. Fig. 9 shows the behaviour of Br(b → sγ) in the neighbourhood of our reference
model with, in addition, λ′132 = λ
′
122 = 0.1. Interestingly, the value for the branching ratio is rather stable under a
change of tanβ and A.
As mentioned before, it is very difficult to isolate generic features of the different models. Let us make some comments:
• At least two of the λ’s must be non-zero to have an influence on the result. There are two exceptions: λ′′123 and
λ′′223 alone will give a contribution due to the anti-symmetry of λ
′′. However, their impact on the branching
ratio is so small that no reasonable bounds can be found.
• As all the effective couplings depend on the inverse mass-squared of a heavy particle, it is clear that the influence
of the new physics is bigger in models with a lower mass spectrum. To see the effect of smaller masses compare
Figs. 10 (a) and (b) where for the latter M(MX) = 100 GeV is taken which results in, for instance, squark
masses of about 250 GeV. Note, that our reference model leads to quite high masses.
• The squarks are always heavier than the sleptons. As a consequence, the influence of non-vanishing λ′′ on
Br(b→ sγ) is much smaller than for non-vanishing λ′.
• The simplest non trivial situation consists of a single non-vanishing pair of R-parity violating couplings. We
encounter the following scenarios:
– The largest effect results from the pair (λ′122, λ
′
132) (see Fig. 11). It is not reasonable to extract a bound
for the product of these parameters because (through the RGE’s) the dependence on these couplings is
much more complex. However, we draw the conclusion that significant effects result if both couplings
exceed 0.1-0.2. Fig. 11 also shows that the branching ratio may strongly depend on the relative sign of the
couplings. This happens if the new contributions are able to diminish the value of C7.
– A general feature of our model is that the influence of a pair of non-vanishing R-parity violating couplings
on the branching ratio starts being significant if (λ′, λ′) ∼ 0.2 − 0.4. For (λ′′, λ′′), in most cases, the
requirement of non-diverging RGE’s for these couplings gives more stringent bounds. There is one more
aspect: Some of the contributing pairs have more than one distinct index. They appear only because of
the mass differences of the different squark or slepton generations. This can be seen clearly in formulas
(42): If the masses were independent of their index the Γ’s would combine to an identity matrix leaving
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only those pairs with an identical sfermion index. The bounds on these pairs are much less stringent. This
is exactly what happens in the case of λ′′123 and λ
′′
223 when being the only non-vanishing coupling. This is
another reason why the results for this situation are not stringent.
– A special situation is depicted in Fig. 12. The branching ratio seems to “explode” at λ′312 = λ
′
313 ≈
0.3. This is due to the mentioned decreasing mass squared of the lightest selectron, which appears in
some denominators in the matching conditions. Hence, the specific position of the peak is highly model
dependent.
• If several pairs of couplings are non-vanishing the picture can get more complex, as Fig. 13 shows. There, we
combined the decreasing effect with the peak due to the small selectron mass.
• It is difficult to compare our results with existing constraints for the R-parity breaking couplings because the
results are extremely model dependent. However, in the case of λ′ our bounds are highly competitive. For
comparison we put the current bounds [11–13] in the captions of the respective figures.
V. CONCLUSIONS
To examine the influence of R-parity breaking on b → sγ one has to enlarge the operator basis substantially. At
the leading-log level it consists of 28 operators, neglecting Higgs-lepton mixing avoiding this way the introduction of
scalar operators. The corresponding γ-matrix can be found with the help of previously known results and diagonalized
numerically. The matching conditions of the magnetic penguins O7 and O8 get new contributions. Their counterparts
of opposite chirality, O˜7 and O˜8, also have to be considered. If one uses the semi-leptonic decay b→ u|c eν¯ to cancel
the large bottom mass dependence new contributions to this decay must be included.
R-parity breaking definitely has influence on the branching ratio of b → sγ. However, its impact is highly model
dependent because the (unknown) supersymmetric masses are mostly responsible for the size of the new contributions.
In a cautious model the new couplings are able to change significantly the result if they are of order 10−1. Moreover,
45 new (complex) Yukawa couplings offer an infinite number of possible scenarios. The simplest cases involve only
one or two couplings present but also in these situations completely different evolutions of the branching ratio are
possible. To give more concrete results we definitely need more informations on the parameters of our supersymmetric
model.
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APPENDIX A: MIXING MATRICES AND INTERACTION LAGRANGIAN
1. mixing matrices
[6,7]
In this first appendix we present the mass mixing matrices for the relevant particles. They are needed for two
reason: First, their eigenvalues correspond to the physical masses of the particles and second, the unitary matrices
that diagonalize the mass matrices rotate the fields to their (physical) mass eigenstates.
Charginos
The charginos χch1/2 are a mixture of charged gauginos λ
± and Higgsinos h−1 and h
+
2 . Defining
ψ+ =
( −iλ+
h+2
)
ψ− =
( −iλ−
h−1
)
(A1)
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the mass terms are then
Lchm = −
1
2
(ψ+TXTψ− + ψ−TXψ+) + h.c., (A2)
where
X =
( −M2 g2v2
g2v1 −µ
)
. (A3)
The two-component charginos χ±i (i = 1, 2) and the four-component charginos χ
ch
1/2 are then defined as
χ+i = Vijψ
+
j χ
−
i = Uijψ
−
j
χch1 =

 χ+1
χ−1

 χch2 =

 χ+2
χ−2

 ,
(A4)
where the unitary matrices U and V diagonalize X :
M chD = U
∗XV −1 = V X†UT (A5)
Lchm then becomes
Lchm = −M chD 11 χch1 χch1 −M chD 22 χch2 χch2 . (A6)
U and V can be found by observing that
M ch 2D = V X
TXV −1 = U∗XXTU∗−1. (A7)
They are not fixed completely by these conditions. The freedom can be used to arrange the elements of M chD to be
positive: If the ith eigenvalue of M chD is negative simply multiply the i
th row of V with −1.
Neutralinos
The neutralinos are linear combinations of the gauginos λ′ and λ3 and the neutral Higgsinos h01 and h
0
2. If we define
ψ0 =


−iλ′
−iλ3
h01
h02

 (A8)
the neutralino mass term reads
L0m = −
1
2
ψ0TY ψ0 + h.c., (A9)
where
Y =


−M1 0 − g1v1√2
g1v2√
2
0 −M2 g2v1√2 −
g2v2√
2
− g1v1√
2
g2v1√
2
0 µ
g1v2√
2
− g2v2√
2
µ 0

 (A10)
Two- and four-component neutralinos must be defined as
χ˜0i = Nijψ
0
j i = 1, . . . , 4
χ0i =

 χ˜0i
χ˜0i

 (A11)
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To diagonalize the mass matrix N must obey
ND = N
∗Y N−1, (A12)
where ND is a diagonal matrix. N can be found using the property
N2D = NY
†Y N−1. (A13)
The eigenvalues and eigenvectors are found numerically. Possible negative entries in ND are turned positive by
multiplying the corresponding row of N by a factor of i.
Quarks and Leptons
The situation in the quark and lepton sector is in almost complete analogy to the standard model. The quarks and
leptons get their masses from the Yukawa potential when the Higgs bosons acquire a vacuum expectation value. We
define the mass eigenstates by
u
(m)
Li = U
L
ijuLj u
(m)
Ri = U
R
ijuRj
d
(m)
Li = D
L
ijdLj d
(m)
Ri = D
R
ijdRj
e
(m)
Li = E
L
ijeLj e
(m)
Ri = E
R
ijeRj .
(A14)
The mixing matrices must satisfy
DRλdTDL† = λdD = diag
(
mdi
v1
)
i = 1, . . . , 3
URλuTUL† = λuD = diag
(
mui
v2
)
ERλeTEL† = λeD = diag
(
mei
v1
)
(A15)
v1 =
√
2
MW
g2
cosβ
v2 =
√
2
MW
g2
sinβ. (A16)
As one can see, the eigenvalues of λu and λd are fixed by the quark masses and the minimum of the Higgs potential.
In the SM the only effect of the mixing which can be seen is the CKM-matrix K = ULDL† appearing in the flavour
changing charged currents. Therefore it is possible and convenient to set
DL = DR = UR = 1 (⇒ UL = K) (A17)
(To be more precise, one chooses λd and λe to be diagonal and λu = KTdiag (mui/v2).) Although in our theory the
mixing matrices appear in all kinds of combinations we adopt this convention here, emphasising that it is a choice
made just for convenience. It is possible that one day an underlying theory fixes the values of λu and λd at some
(high) scale.
Please note that in the text we neglect the superscript m for the mass eigenstates.
Squarks and Sleptons
If supersymmetry were not broken squarks and sleptons would be rotated to their mass basis with the help of the
same matrices as their fermionic partners. But since this situation is not realistic we need to introduce a further
19
set of unitary rotation matrices. The notation must be set up carefully because the mass eigenstates of squarks and
sleptons are linear combinations of the partners of left- and right-handed partners of the corresponding fermions. We
define the 6× 3-matrices Γ in the following way:
u˜(m) = (ΓuL|ΓuR)
(
u˜L
u˜R
)
= Γuu˜
d˜(m) =
(
ΓdL|ΓdR
)( d˜L
d˜R
)
= Γdd˜
e˜(m) = (ΓeL|ΓeR)
(
e˜L
e˜R
)
= Γee˜
ν˜(m) = Γν ν˜L
(A18)
To diagonalize the mass terms the mixing matrices have to satisfy
Γum2suΓ
u† = m2suD
Γdm2sdΓ
d† = m2sdD
Γem2seΓ
e† = m2seD
Γνm2sνΓ
ν† = m2sνD, (A19)
where the matrices on the RHS are diagonal containing the masses squared of the phy-sical particles.
The mass matrices are (with the exception of the sneutrino) of the form
(
A B
B† C
)
, where A, B and C are 3 × 3-
matrices. For the different fields they are (choosing µ real)
• up-squarks:
A = m2Q + v
2
2λ
uλu† +M2Z cos 2β
(
1
2
− 2
3
sin2 θW
)
1 3
B = (hu + µ cotβλu) v2
C = m2U + v
2
2λ
u†λu +
2
3
M2Z cos 2β sin
2 θW 1 3 (A20)
• down-squarks:
A = m2Q + v
2
1λ
dλd† +M2Z cos 2β
(
−1
2
+
1
3
sin2 θW
)
1 3
B =
(
hd + µ tanβλd
)
v1
C = m2D + v
2
1λ
d†λd − 1
3
M2Z cos 2β sin
2 θW 1 3 (A21)
• selectrons
A = m2L + v
2
1λ
eλe† +M2Z cos 2β
(
−1
2
+ sin2 θW
)
1 3
B = (he + µ tanβλe) v1
C = m2E + v
2
1λ
e†λe −M2Z cos 2β sin2 θW 1 3 (A22)
The sneutrinos have
m2sν = m
2
e˜ +
MZ
2
cos 2β1 3 (A23)
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Higgses
The Higgs sector consists of two SU(2) doublets h˜1 and h˜2. The real and the imaginary part of the neutral
components mix via the matrix(
µ2 +m2H1 +
g21+g
2
2
4 (3v
2
1 − v22) µ˜− g
2
1+g
2
2
2 v1v2
µ˜− g21+g222 v1v2 µ2 +m2H2 −
g21+g
2
2
4 (v
2
1 − 3v22)
)
(A24)
and (
µ2 +m2H1 +
g21+g
2
2
4 (v
2
1 − v22) −µ˜
−µ˜ µ2 +m2H2 −
g21+g
2
2
4 (v
2
1 − v22)
)
(A25)
respectively. The charged components give rise to a mass matrix of the form(
µ2 +m2H1 +
g21+g
2
2
4 (v
2
1 − v22) + g
2
2v
2
2
2 −µ˜+
g22
2 v1v2
−µ˜+ g222 v1v2 µ2 +m2H2 −
g21+g
2
2
4 (v
2
1 − v22) + g
2
2v
2
1
2
)
(A26)
All the above expressions are valid at tree-level. The vacuum expectation values v1 and v2 are found by minimizing
the effective Higgs potential. If one inserts the gained formulas into (A24) - (A26) one of the eigenvalues of (A25)
and (A26) vanishes, indicating the eaten fields of the Higgs mechanism that takes place.
2. Interaction Lagrangian
For the evaluation of the matching conditions we need certain parts of the interaction Lagrangian. In addition to
equations(27) - (29) these are
Squark-Quark-Chargino
Lq˜qχch = u˜jdi
[
AdijℓPL +B
d
ijℓPR
]
χch cℓ + u˜
†
iχ
ch c
ℓ
[
Ad†ijℓPR +B
d†
ijℓPL
]
dj
+d˜jui
[
AuijℓPL +B
u
ijℓPR
]
χchℓ + d˜
†
iχ
ch
ℓ
[
Au†ijℓPR +B
u†
ijℓPL
]
uj, (A27)
where
Adijℓ = (λ
d
DΓ
u†
L )ijU
∗
ℓ2
Bdijℓ = (K
†λuDΓ
u†
R )ijVℓ2 − g2Γu†LijVℓ1
Auijℓ = (λ
u
DKΓ
d†
L )ijV
∗
ℓ2
Buijℓ = (Kλ
d
DΓ
d†
R )ijUℓ2 − g2(KΓd†L )ijUℓ1
PL/R =
1
2
(1∓ γ5) (A28)
and χch cℓ denotes the charge conjugated field.
Squark-Quark-Neutralino
Lq˜qχ0 = −d˜jdi
[
CdijℓPL +D
d
ijℓPR
]
χ0ℓ − d˜†iχ0ℓ
[
Cd†ijℓPR +D
d†
ijℓPL
]
dj
−u˜jui
[
CuijℓPL +D
u
ijℓPR
]
χ0ℓ − u˜†iχ0ℓ
[
Cu†ijℓPR +D
u†
ijℓPL
]
uj , (A29)
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where
Cdijℓ = (λ
d
DΓ
d†
L )ijN
∗
ℓ3 −
√
2g1QdΓ
d†
RijN
∗
ℓ1
Ddijℓ = (λ
d
DΓ
d†
R )ijNℓ3 +
1√
2
Γd†Lij((2Qd + 1)g1Nℓ1 − g2Nℓ2)
Cuijℓ = (λ
u
DKΓ
u†
L )ijN
∗
ℓ4 −
√
2Qug1Γ
u†
RijN
∗
ℓ1
Duijℓ = (λ
u
DΓ
u†
R )ijNℓ4 +
1√
2
(KΓu†L )ij((2Qd + 1)g1Nℓ1 + g2Nℓ2). (A30)
Squark-Quark-Gluino
Lq˜qg = −
√
2gsT
Aαβ
[
u˜†iαgA
[
(ΓuLK
†)ijPL − ΓuRijPR
]
ujβ
+ d˜†iαgA
[
ΓdLijPL − ΓdRijPR
]
djβ
+ u˜iαujβ
[
(KΓu†L )ijPR − Γu†RijPL
]
gA
+ d˜jαdiβ
[
Γd†LijPR − Γd†RijPL
]
gA
]
(A31)
Gluino-Gluino-Gluon
Lggg˜ = i
2
gsf
ABCgAγµgBA
µ
C (A32)
Note: There is a symmetry factor of two in the Feynman rule for this vertex.
APPENDIX B: RENORMALIZATION GROUP EQUATIONS
We present the full set of RGE’s for all the parameters of the MSSM including R-parity breaking terms. Our results
are in complete agreement with [60,26], although we don’t restrict ourselves to couplings of the third generation. All
the formulas can be derived from the expressions for the most general form of a softly broken SUSY [61–63]. Let us
begin with the parameters of the superpotential W (t = lnµ).
16π2
d
dt
µ = Tr
(
3λdλd† + 3λuλu† + λeλe†
)
µ− [g21 + 3g22]µ
+
[
3λdℓmλ
′∗
iℓm + λ
e
ℓmλ
∗
iℓm
]
µ2i (B1)
16π2
d
dt
µ2i =
[
(λeλe†)ij + λiℓmλ∗jℓm + 3λ
′
iℓmλ
′∗
jℓm
]
µ2j
+
[
3λ′iℓmλ
d∗
ℓm + λiℓmλ
e∗
ℓm
]
µ
+3Tr(λuλu†)µ2i −
[
g21 + 3g
2
2
]
µ2i (B2)
16π2
d
dt
λuij =
[
(λuλu†)ik + (λdλd†)ik + λ′∗ℓkmλ
′
ℓim
]
λukj
+
[
2(λu†λu)kj + λ′′∗kℓmλ
′′
jℓm
]
λuik
+3Tr(λuλu†)λuij −
[
13
9
g21 + 3g
2
2 +
16
3
g23
]
λuij (B3)
16π2
d
dt
λdij =
[
(λuλu†)ik + (λdλd†)ik + λ′∗ℓkmλ
′
ℓim
]
λdkj
22
+
[
2(λd†λd)kj + 2λ′∗ℓmkλ
′
ℓmj + 2λ
′′∗
ℓkmλ
′′
ℓjm
]
λdik
+
[
3Tr(λdλd†) + Tr(λeλe†)
]
λdij
+
[
3λdℓmλ
′∗
kℓm + λ
e
ℓmλ
∗
kℓm
]
λ′kij
−
[
7
9
g21 + 3g
2
2 +
16
3
g23
]
λdij (B4)
16π2
d
dt
λeij =
[
(λeλe†)ik + λ∗kℓmλiℓm + 3λ
′∗
kℓmλ
′
iℓm
]
λekj
+
[
2(λe†λe)kj + λ∗ℓmkλℓmj
]
λeik
+
[
3Tr(λdλd†) + Tr(λeλe†)
]
λeij
+
1
2
[
3λdℓmλ
′∗
kℓm + λ
e
ℓmλ
∗
kℓm
]
λkij
− [3g21 + 3g22]λeij (B5)
16π2
d
dt
λijk =
[
(λeλe†)in + λ∗nℓmλiℓm + 3λ
′∗
nℓmλ
′
iℓm
]
λnjk
+
[
(λeλe†)jn + λ∗nℓmλjℓm + 3λ
′∗
nℓmλ
′
jℓm
]
λink
+
[
2(λe†λe)nk + λ∗ℓmnλℓmk
]
λijn
+2
[
3λd∗ℓmλ
′
iℓm + λ
e∗
ℓmλiℓm
]
λejk
−2 [3λd∗ℓmλ′jℓm + λe∗ℓmλjℓm]λeik
− [3g21 + 3g22]λijk (B6)
16π2
d
dt
λ′ijk =
[
(λeλe†)in + λ∗nℓmλiℓm + 3λ
′∗
nℓmλ
′
iℓm
]
λ′njk
+
[
(λuλu†)jn + (λdλd†)jn + λ′∗ℓnmλ
′
ℓjm
]
λ′ink
+
[
2(λd†λd)nk + 2λ′∗ℓmnλ
′
ℓmk + 2λ
′′∗
ℓnmλ
′′
ℓkm
]
λ′ijn
+
[
3λd∗ℓmλ
′
iℓm + λ
e∗
ℓmλiℓm
]
λdjk
−
[
7
9
g21 + 3g
2
2 +
16
3
g23
]
λ′ijk (B7)
16π2
d
dt
λ′′ijk =
[
2(λu†λu)ni + λ′′∗nℓmλ
′′
iℓm
]
λ′′njk
+
[
2(λd†λd)nj + 2λ′∗ℓnmλ
′
ℓmj + 2λ
′′∗
ℓnmλ
′′
ℓjm
]
λ′′ink
+
[
2(λd†λd)nk + 2λ′∗ℓnmλ
′
ℓmk + 2λ
′′∗
ℓnmλ
′′
ℓkm
]
λ′′ijn
−
[
4
3
g21 + 8g
2
3
]
λ′′ijk (B8)
The parameters of Vsoft obey the following RGE’s:
16π2
d
dt
µ˜ = Tr
(
3λdλd† + 3λuλu† + λeλe†
)
µ˜
+
[
3λdℓmλ
′∗
iℓm + λ
e
ℓmλ
∗
iℓm
]
µ˜2i
+2Tr
(
3hdλd† + 3huλu† + heλe†
)
µ
+2
[
3hdℓmλ
′∗
iℓm + h
e
ℓmλ
∗
iℓm
]
µ2i
− [g21 + 3g22] µ˜+ [2M1g21 + 6M2g22]µ (B9)
16π2
d
dt
µ˜2i =
[
(λeλe†)ij + λ∗jℓmλiℓm + 3λ
′∗
jℓmλ
′
iℓm
]
µ˜2j + 3Tr(λ
uλu†)µ˜2i
+
[
3λd∗ℓmλ
′
iℓm + λ
e∗
ℓmλiℓm
]
µ˜
23
+2
[
(heλe†)ij + Ciℓmλ∗jℓm + 3C
′
iℓmλ
′∗
jℓm
]
µ2j
+6Tr(huλu†)µ2i + 2
[
3λd∗ℓmC
′
iℓm + λ
e∗
ℓmCiℓm
]
µ
− [g21 + 3g22] µ˜2i + [2M1g21 + 6M2g22]µ2i (B10)
16π2
d
dt
huij = 5(λ
uλu†hu)ij + (λdλd†hu)ij + 4(huλu†λu)ij
+2(hdλd†λu)ij + 3Tr(λuλu†)huij + 6Tr(h
uλu†)λuij
+λ′∗mℓnλ
′
minh
u
ℓj + λ
′′∗
ℓnmλ
′′
jnmh
u
iℓ + 2λ
′∗
mnℓC
′
miℓλ
u
nj
+2λ′′∗ℓmnC
′′
jmnλ
u
iℓ +
13
9
g21(2M1λ
u
ij − huij)
+3g22(2M2λ
u
ij − huij) +
16
3
g23(2M3λ
u
ij − huij) (B11)
16π2
d
dt
hdij = 5(λ
dλd†hd)ij + (λuλu†hd)ij + 4(hdλd†λd)ij
+2(huλu†λd)ij +Tr(3λdλd† + λeλe†)hdij
+Tr(6hdλd† + 2heλe†)λdij
+
[
λeℓmC
′
kij + 2h
e
ℓmλ
′
kij
]
λ∗kℓm
+3
[
λdℓmC
′
kij + 2h
d
ℓmλ
′
kij
]
λ′∗kℓm
+
[
hdkjλ
′
ℓim + 2λ
d
kjC
′
ℓim
]
λ′∗ℓkm
+2
[
hdikλ
′
ℓmj + 2λ
d
ikC
′
ℓmj
]
λ′∗ℓmk
+2
[
hdikλ
′′
ℓjm + 2λ
d
ikC
′′
ℓjm
]
λ′′∗ℓkm
+
7
9
g21(2M1λ
d
ij − hdij) + 3g22(2M2λdij − hdij)
+
16
3
g23(2M3λ
d
ij − hdij) (B12)
16π2
d
dt
heij = 5(λ
eλe†he)ij + 4(heλe†λe)ij
+Tr(3λdλd† + λeλe†)heij +Tr(6h
dλd† + 2heλe†)λeij
+
[
λeℓmCkij + 2h
e
ℓmλkij + h
e
kjλiℓm + 2λ
e
kjCiℓm
]
λ∗kℓm
+3
[
λdℓmCkij + 2h
d
ℓmλkij + h
e
kjλ
′
iℓm + 2λ
e
kjC
′
iℓm
]
λ′∗kℓm
+ [heikλℓmj + 2λ
e
ikCℓmj ]λ
∗
ℓmk
+3g21(2M1λ
e
ij − heij) + 3g22(2M2λeij − heij) (B13)
16π2
d
dt
Cijk =
[
(λeλe†)in + λ∗nℓmλiℓm + 3λ
′∗
nℓmλ
′
iℓm
]
Cnjk
+
[
(λeλe†)jn + λ∗nℓmλjℓm + 3λ
′∗
nℓmλ
′
jℓm
]
Cink
+
[
3λd∗ℓmλ
′
iℓm + λ
e∗
ℓmλiℓm
]
hejk −
[
3λd∗ℓmλ
′
jℓm + λ
e∗
ℓmλjℓm
]
heik
+
[
2(λe†λe)nk + λ∗ℓmnλℓmk
]
Cijn
+
[
2(heλe†)in + 2λ∗nℓmCiℓm + 6λ
′∗
nℓmC
′
iℓm
]
λnjk
+
[
2(heλe†)jn + 2λ∗nℓmCjℓm + 6λ
′∗
nℓmC
′
jℓm
]
λink
+
[
6λd∗ℓmC
′
iℓm + 2λ
e∗
ℓmCiℓm
]
λejk
− [6λd∗ℓmC′jℓm + 2λe∗ℓmCjℓm]λeik
+
[
4(λe†he)nk + 2λ∗ℓmnCℓmk
]
λijn
+3g21(2M1λijk − Cijk) + 3g22(2M2λijk − Cijk) (B14)
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16π2
d
dt
C′ijk =
[
(λeλe†)in + λ∗nℓmλiℓm + 3λ
′∗
nℓmλ
′
iℓm
]
C′njk
+
[
(λuλu†)jn + (λdλd†)jn + λ′∗ℓnmλ
′
ℓjm
]
C′ink
+
[
2(λd†λd)nk + 2λ′∗ℓmnλ
′
ℓmk + 2λ
′′∗
ℓnmλ
′′
ℓkm
]
C′ijn
+
[
3λd∗ℓmλ
′∗
iℓm + λ
e∗
ℓmλiℓm
]
hdjk
+
[
2(heλe†)in + 2λ∗nℓmCiℓm + 6λ
′∗
nℓmC
′
iℓm
]
λ′njk
+
[
2(huλu†)jn + 2(hdλd†)jn + 2λ′∗ℓnmC
′
ℓjm
]
λ′ink
+
[
4(λd†hd)nk + 4λ′∗ℓmnC
′
ℓmk + 4λ
′′∗
ℓnmC
′′
ℓkm
]
λ′ijn
+
[
6λd∗ℓmC
′
iℓm + 2λ
e∗
ℓmCiℓm
]
λdjk
+
7
9
g21(2M1λ
′
ijk − C′ijk) + 3g22(2M2λ′ijk − C′ijk)
+
16
3
g23(2M3λ
′
ijk − C′ijk) (B15)
16π2
d
dt
C′′ijk =
[
2(λu†λu)ni + λ′′∗nℓmλ
′′
iℓm
]
C′′njk
+
[
2(λd†λd)nj + 2λ′∗ℓmnλ
′
ℓmj + 2λ
′′∗
ℓnmλ
′′
ℓjm
]
C′′ink
+
[
2(λd†λd)nk + 2λ′∗ℓmnλ
′
ℓmk + 2λ
′′∗
ℓnmλ
′′
ℓkm
]
C′′ijn
+
[
4(λu†hu)ni + 2λ′′∗nℓmC
′′
iℓm
]
λ′′njk
+
[
4(λd†hd)nj + 4λ′∗ℓmnC
′
ℓmj + 4λ
′′∗
ℓnmC
′′
ℓjm
]
λ′′ink
+
[
4(λd†hd)nk + 4λ′∗ℓmnC
′
ℓmk + 4λ
′′∗
ℓnmC
′′
ℓkm
]
λ′′ijn
+
4
3
g21(2M1λ
′′
ijk − C′′ijk) + 8g23(2M3λ′′ijk − C′′ijk) (B16)
16π2
d
dt
m2UiUj =
[
2(λu†λu)ki + λ′′∗kℓmλ
′′
iℓm
]
m2UkUj
+
[
2(λu†λu)jk + λ′′∗jℓmλ
′′
kℓm
]
m2UiUk
+4λu†jℓ λ
u
mim
2
QℓQm
+ 4λu†jℓ λ
u
ℓim
2
H2H2 + 4λ
′′∗
jℓmλ
′′
inmm
2
DℓDn
+4(hu†hu)ji + 2C′′∗jℓmC
′′
iℓm −
32
9
g21M
2
1 δij −
32
3
g23M
2
3 δij
(B17)
16π2
d
dt
m2DiDj =
[
2(λd†λd)jk + 2λ′∗ℓmjλ
′
ℓmk + 2λ
′′∗
ℓjmλ
′′
ℓkm
]
m2DiDk
+
[
2(λd†λd)ki + 2λ′∗ℓmkλ
′
ℓmi + 2λ
′′∗
ℓkmλ
′′
ℓim
]
m2DkDj
+4λd†jℓλ
d
ℓim
2
H1H1 + 4λ
d†
jℓλ
d
mim
2
QℓQm
+ 4λ′∗ℓnjλ
′
mnim
2
LℓLm
+4λ′∗nℓjλ
′
nmim
2
QℓQm
+ 4λ′′∗nℓjλ
′′
nmim
2
DℓDm
+ 4λ′′∗ℓnjλ
′′
mnim
2
UℓUm
+4λ′∗knjλ
d
nim
2
H1Lk + 4λ
d∗
njλ
′
knim
2
LkH1
+4(hd†hd)ji + 4C′∗ℓmjC
′
ℓmi + 4C
′′∗
ℓjmC
′′
ℓim
−8
9
g21M
2
1 δij −
32
3
g23M
2
3 δij (B18)
16π2
d
dt
m2QiQj =
[
(λuλu†)kj + (λdλd†)kj + λ′∗ℓjmλ
′
ℓkm
]
m2QiQk
+
[
(λuλu†)ik + (λdλd†)ik + λ′∗ℓkmλ
′
ℓim
]
m2QkQj
+2λu†ℓj λ
u
iℓm
2
H2H2 + 2λ
u†
mjλ
u
iℓm
2
UmUℓ + 2λ
d†
ℓjλ
d
iℓm
2
H1H1
+2λd†mjλ
d
iℓm
2
DmDℓ + 2λ
′∗
mjnλ
′
ℓinm
2
LmLℓ + 2λ
′∗
njmλ
′
niℓm
2
DmDℓ
25
+2λ′∗kjnλ
d
inm
2
LkH1
+ 2λd∗jnλ
′
kinm
2
H1Lk
+2(huhu†)ij + 2(hdhd†)ij + 2C′∗ℓjmC
′
ℓim
−2
9
g21M
2
1 δij − 6g22M22 δij −
32
3
g23M
2
3 δij (B19)
16π2
d
dt
m2EiEj =
[
2(λe†λe)jk + λ∗ℓmjλℓmk
]
m2EiEk
+
[
2(λe†λe)ki + λ∗ℓmkλℓmi
]
m2EkEj
+4λe†jkλ
e
kim
2
H1H1 + 4λ
e†
jmλ
e
ℓim
2
LmLℓ + 4λ
∗
nmjλnℓim
2
LmLℓ
+4λ∗nkjλ
e
nim
2
LkH1
+ 4λe∗njλnkim
2
H1Lk
+4(he†he)ij + 2C∗ℓmjCℓmi − 8g21M21 δij (B20)
16π2
d
dt
m2LiLj =
[
(λeλe†)ik + λ∗kℓmλiℓm + 3λ
′∗
kℓmλ
′
iℓm
]
m2LkLj
+
[
(λeλe†)kj + λ∗jℓmλkℓm + 3λ
′∗
jℓmλ
′
kℓm
]
m2LiLk
+
[
3λd∗ℓmλ
′
iℓm + λ
e∗
ℓmλiℓm
]
m2H1Lj
+
[
3λ′∗jℓmλ
d
ℓm + λ
∗
jℓmλ
e
ℓm
]
m2LiH1
+2λe†kjλ
e
ikm
2
H1H1 + 2λ
e†
mjλ
e
iℓm
2
EmEℓ + 2λ
∗
mjnλℓinm
2
LmLℓ
+2λ∗njmλniℓm
2
EmEℓ
+ 6λ′∗jmnλ
′
iℓnm
2
QmQℓ
+ 6λ′∗jnmλ
′
inℓm
2
DmDℓ
+2λ∗kjnλ
e
inm
2
LkH1 + 2λ
e∗
jnλkinm
2
H1Lk
+2(hehe†)ij + 2C∗jℓmCiℓm + 6C
′∗
jℓmC
′
iℓm
−2g21M21 δij − 6g22M22 δij (B21)
16π2
d
dt
m2H1H1 = Tr(6λ
dλd† + 2λeλe†)m2H1H1
+
[
3λ′∗iℓmλ
d
ℓm + λ
∗
iℓmλ
e
ℓm
]
m2LiH1
+
[
3λd∗ℓmλ
′
iℓm + λ
e∗
ℓmλiℓm
]
m2H1Li
+6λd†nmλ
d
ℓnm
2
QmQℓ
+ 6λd†mnλ
d
nℓm
2
DmDℓ
+2λe†nmλ
e
ℓnm
2
LmLℓ + 2λ
e†
mnλ
e
nℓm
2
EmEℓ
+Tr(6hdhd† + 2hehe†)
−2g21M21 − 6g22M22 (B22)
16π2
d
dt
m2LiH1 =
[
(λeλe†)ik + λ∗kℓmλiℓm + 3λ
′∗
kℓmλ
′
iℓm
]
m2LkH1
+Tr(3λdλd† + λeλe†)m2LiH1
+
[
3λd∗ℓmλ
′
iℓm + λ
e∗
ℓmλiℓm
]
m2H1H1
+
[
3λd∗ℓmλ
′
kℓm + λ
e∗
ℓmλkℓm
]
m2LiLk
+6λd∗nmλ
′
inℓm
2
DmDℓ
+ 6λd∗mnλ
′
iℓnm
2
QmQℓ
+2λe∗nmλniℓm
2
EmEℓ
+ 2λe∗mnλℓinm
2
LmLℓ
+6hd∗ℓmC
′
iℓm + 2h
e∗
ℓmCiℓm (B23)
16π2
d
dt
m2H2H2 = 6Tr(λ
uλu†)m2H2H2
+6λu†nmλ
u
ℓnm
2
QmQℓ + 6λ
u†
mnλ
u
nℓm
2
UmUℓ
+6Tr(huhu†)− 2g21M21 − 6g22M22 (B24)
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Gauge couplings and gaugino masses run in the following way
16π2 ddtg1 = 11g
3
1 16π
2 d
dtM1 = 22g
2
1M1
16π2 ddtg2 = g
3
2 16π
2 d
dtM2 = 2g
2
2M2
16π2 ddtg3 = −3g33 16π2 ddtM3 = −6g23M3
(B25)
APPENDIX C: THE γ-MATRIX
The QCD-mixing of our new operator basis leads to a 28× 28-matrix. How its elements are deduced is explained
in section III B 2. Fortunately, many entries vanish giving us a chance to derive the eigenvalues and -vectors with the
help of Mathematica. We split γeff in the three block mentioned in section III B 2. The four-fermion operators give
the block (we have included the ordering of the operators in the first row)

O1 O2 O3 O4 O5 O6 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 R1 R2 R3 R4 R5 R6
−2 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 −2 −
2
9
2
3
−
2
9
2
3
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 −
22
9
22
3
−
4
9
4
3
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0
44
9
4
3
−
10
9
10
3
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 2 −6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 −
10
9
10
3
−
10
9
−
38
3
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 −16 0 0 0 0 0 0 0 −
2
9
2
3
−
2
9
2
3
0 0 0 0 0 0
0 0 0 0 0 0 0 −16 0 0 0 0 0 0 −
2
9
2
3
−
2
9
2
3
0 0 0 0 0 0
0 0 0 0 0 0 0 0 −16 0 0 0 0 0 −
2
9
2
3
−
2
9
2
3
0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 −16 0 0 0 0 −
2
9
2
3
−
2
9
2
3
0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 −16 0 0 0 −
2
9
2
3
−
2
9
2
3
0 0 0 0 0 0
0 0 −
2
9
2
3
−
2
9
2
3
0 0 0 0 0 −16 0 0 0 0 0 0 0 0 0 0 0 0
0 0 −
2
9
2
3
−
2
9
2
3
0 0 0 0 0 0 −16 0 0 0 0 0 0 0 0 0 0 0
0 0 −
2
9
2
3
−
2
9
2
3
0 0 0 0 0 0 0 −16 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 −
22
9
22
3
−
4
9
4
3
0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
44
9
4
3
−
10
9
10
3
0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 −6 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 −
10
9
10
3
−
10
9
−
38
3
0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −2 6 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 −
2
9
2
3
−
2
9
2
3
6 −2 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −2 6 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 −
2
9
2
3
−
2
9
2
3
0 0 6 −2 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 −2 6
0 0 0 0 0 0 0 0 0 0 0 0 0 0 −
2
9
2
3
−
2
9
2
3
0 0 0 0 6 −2


(C1)
The 4× 4-block of the magnetic penguins looks like

O7 O8 O˜7 O˜8
32
3 0 0 0
− 329 283 0 0
0 0 323 0
0 0 − 329 283


(C2)
27
The four last columns that mix four-fermion operators with magnetic penguins are given as rows. They are


O1 O2 O3 O4 O5 O6 P1 P2 P3 P4 P5 P6
O7 0
832
81 − 92881 27281 649 − 59281 0 0 0 0 0 40081
O8 6
140
27
1090
27
1024
27 − 1183 − 140627 0 0 0 0 0 − 23827
O˜7 0 0 0 0 0 0 − 89681 − 89681 40081 40081 40081 0
O˜8 0 0 0 0 0 0 − 23827 − 23827 − 23827 − 23827 − 45427 0
P7 P8 P9 P10 P11 P12 R1 R2 R3 R4 R5 R6
400
81
400
81 0 0 0 0 0 0 0 0 0 0
− 23827 − 45427 0 0 0 0 0 0 0 0 0 0
0 0 − 92881 27281 649 − 59281 0 83281 0 83281 0 − 46481
0 0 109027
1024
27 − 1183 − 140627 6 14027 6 14027 6 14027


(C3)
We emphasize that the matrix depicted here is γeff . In the HV-scheme it should coincide with the uncorrected γ. We
have checked this explicitly for all the entries.
APPENDIX D: DEFINITION OF THE FUNCTIONS F1 - F4
These functions appear in all calculations of diagrams like those of Fig. 6.
F1(x) =
1
12(1− x)4
[
2 + 3x− 6x2 + x3 + 6x log x]
F2(x) =
1
12(1− x)4
[
1− 6x+ 3x2 + 2x3 − 6x2 log x]
F3(x) =
1
2(1− x)3
[−3 + 4x− x2 − 2 log x]
F4(x) =
1
2(1− x)3
[
1− x2 + 2x log x] (D1)
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TABLE I. Superfields of the MSSM with their component fields
Superfield Boson Fermion
(S)quarks Qi q˜i =
(
u˜Li
d˜Li
)
qi =
(
uLi
dLi
)
Uci u˜
†
Ri u
c
Ri
30
Dci d˜
†
Ri d
c
Ri
(S)leptons Li ℓ˜i =
(
e˜Li
ν˜Li
)
ℓi =
(
eLi
νLi
)
eci e˜
†
i e
c
Ri
Higgs(inos) H1 h˜1 =
(
h˜01
h˜−1
)
h1 =
(
h01
h−1
)
H2 h˜2 =
(
h˜+2
h˜02
)
h2 =
(
h+2
h02
)
Gauge fields V a Aaµ λ
a
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FIG. 1. From the full to the effective theory
FIG. 2. Diagrams contributing to the 1-loop mixing of the four-fermion operators.
b s
FIG. 3. Diagram that gives finite contributions.
FIG. 4. Two-loop diagrams needed for calculating the γ-matrix. The wavy line can be a photon or a gluon. These diagrams
have no closed fermion loop.
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FIG. 5. Two-loop diagrams needed for calculating the γ-matrix. The wavy line can be a photon or a gluon. These diagrams
have a closed fermion loop.
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FIG. 6. Diagrams that contribute to the matching of O7/8 and O˜7/8. The outgoing photon/gluon is attached at every
possible position.
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FIG. 7. Illustration of the example in equation (30).
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FIG. 8. Contributions to b→ u|c eν¯. The arrows indicate the particle flow.
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FIG. 9. Behaviour of Br(b → sγ) in the neighbourhood of our reference model with tan β = 5, A = 0, µ˜2i = 0, M = 300
GeV and, in addition, λ′132 = λ
′
122 = 0.1. The horizontal lines show the current experimental bounds.
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FIG. 10. Values for Br(b→ sγ) as a function of λ′′212 = λ
′′
213. The other parameters are: tanβ = 5, A = 0, µ˜2i = 0, and (a):
M = 300 GeV, (b): M = 100 GeV. The current bounds are: λ′′212 ≤ 1.23, λ
′′
213 ≤ 1.23 [11], |λ
′′
212 · λ
′′
213| ≤ 0.006 [12].
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FIG. 11. Values for Br(b → sγ) as a function of (a) λ′132 = λ
′
122, (b) −λ
′
132 = λ
′
122. The current bounds are:
λ′132 ≤ 0.28
mt˜
100GeV
, λ′122 ≤ 0.049
m
d˜
100GeV
[11].
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FIG. 12. Values for Br(b → sγ) as a function of λ′312 = λ
′
313 within our reference model. The current bounds are:
λ′312 ≤ 0.11
ms˜
100GeV
, λ′313 ≤ 0.11
m
b˜
100GeV
[11], |λ′312 · λ
′
313| ≤ 0.01 for squarks of 100 GeV [13]. The peak results from a small
lightest selectron mass.
0 0.1 0.2
3.0
4.0
 > 0
 < 0
10
4
 Br(b! s)
1
0
4

B
r
(
b
!
s

)

0
122
=  
0
132
= 
0
321
=  
0
331
= 2
0
312
= 
0
313
FIG. 13. Values for Br(b → sγ) as a function of −λ′132 = λ
′
122 = −λ
′
331 = λ
′
321 = 2λ
′
312 = λ
′
313 within our reference model.
Additional current bounds are: λ′331 ≤ 0.45
m
b˜
100GeV
, λ′321 ≤ 0.52
m
d˜
100GeV
[11].
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